Objective-Vasoactive medications improve hemodynamics after cardiac surgery but are associated with high metabolic and arrhythmic burdens. The vasoactive-inotropic score was developed to quantify vasoactive and inotropic support after cardiac surgery in pediatric patients but might similarly be useful in adults. Accordingly, we examined the time course of this score in a substudy of the Biventricular Pacing After Cardiac Surgery trial. We hypothesized that the score would be lower in patients randomized to biventricular pacing.
INTRODUCTION
The inotropic score was introduced by Wernovsky et al. as a quantitative measure of cardiovascular support received by neonates after the arterial switch operation (1) . The score has since been used to assess illness severity in infants and neonates undergoing cardiothoracic surgery (2) (3) (4) (5) (6) (7) (8) . Recently Gaies et al. introduced the vasoactive-inotropic score (VIS), which expanded on the inotrope score to include other vasoactive agents commonly used in intensive care units (ICUs) (9) . The authors showed that VIS was superior to the older inotrope score as a surrogate outcome measure for infants undergoing cardiac surgery. However, VIS has not been evaluated in the adult population as a measure of cardiovascular support or severity of illness after cardiopulmonary bypass (CPB).
Currently, vasoactive and inotropic medications are useful for the treatment of hypotension and low output states after cardiac surgery. These agents may improve cardiac output but at the significant costs of increases in myocardial oxygen consumption, arrhythmias, systemic hypoperfusion, and risk of myocardial ischemia and necrosis (10) (11) (12) (13) .
Biventricular pacing (BiVP) is an established therapy for select patients with chronic congestive heart failure, improving clinical end points (symptoms, exercise capacity, quality of life, survival) and echocardiographic end points (systolic function, left ventricular size, mitral regurgitation) (14) (15) (16) (17) . Temporary BiVP has also been shown to improve intraoperative cardiac output in patients undergoing cardiac surgery (18) (19) (20) (21) (22) . One unexplored benefit of BiVP is its potential to decrease the use of inotropes and vasoactive medications after cardiac surgery. BiVP does not increase myocardial oxygen consumption and, thus, may provide a safer alternative to inotropic medications (11) .
The Biventricular Pacing After Cardiac Surgery (BiPACS) trial is a randomized clinical trial studying the effect of optimized temporary BiVP in selected patients undergoing cardiac surgery (18) (19) (20) (21) . Patients undergo BiVP optimization at three time points in the postoperative period and are randomized to continuous optimized BiVP or standard of care (no pacing). The central hypothesis is that cardiac index will increase an average of 15% in the optimized BiVP group.
In this BiPACS substudy, we hypothesized that temporary BiVP would lower the perioperative requirements for vasoactive medication support, as measured by VIS. Although temporary BiVP has been shown to improve postoperative hemodynamics, there have not been any studies investigating whether it reduces the need to administer perioperative inotropic agents.
MATERIALS AND METHODS

Study Design
The BiPACS protocol was approved by the Institutional Review Board for Human Subject Research at Columbia University Medical Center and conducted under an Investigational Device Exemption from the Food and Drug Administration. Attending surgeon permission was obtained before approaching patients for enrollment. Written consent was obtained from all patients.
This unblinded observational study was conducted using a subgroup analysis for eligible patients enrolled in the BiPACS trial between October 1, 2007 and June 30, 2011. Patient flow for the BiPACS trial and this substudy cover recruitment during this time period. The number of patients undergoing cardiac surgery at Columbia University Medical Center and screened for the BiPACS trial was 5101. Of these, 764 were eligible for the BiPACS protocol. One hundred and five were enrolled. The study was initiated in 57 patients, who were allocated to testing in Phase I and were subsequently randomized to either BiVP (experimental group) or SOC (control group) as per the BiPACS protocol.
Patients were randomized after Phase I testing confirmed that BiVP was feasible. To avoid imbalances using simple randomization, patients were randomized to the two arms using randomly permuted blocks of four, six, and eight. A treatment allocation ratio of one was used, expecting each group to be of equal size. Phase 1 testing was done in all patients prior to randomization and has been described elsewhere (21) . Group assignment was determined by forms in sealed envelopes opened at the randomization point. All required forms were prepared prior to the enrollment of the first patient. 7 patients were eliminated from this substudy because they were removed from the BiPACS trial before the start of Phase III. In the end, 24 patients randomized to the BiVP group and 26 patients randomized to the SOC group were available and included in this substudy. The baseline clinical characteristics of these 50 patients are displayed in Table 1 .
BiPACS Optimization Protocol (Figure 1)
The BIPACS trial is delineated by optimizations at three distinct time points (21) to determine the optimal pacing site, AVD and VVD. Phase I optimization is performed after the patient is separated from cardiopulmonary bypass and deemed hemodynamically stable by the clinical team. Phase II optimization is performed during sternal closure at the end of the surgery. Finally, Phase III optimization is performed 8-24 hours after Phase II optimization). Patients are randomized to either the optimized BiVP group or the standard of care (SOC) group at the end of Phase I optimization. Phase I optimization is performed using cardiac output by aortic flow probe, Phase II is performed using mean arterial pressure, and Phase III optimization is performed using a combination of mean arterial pressure and cardiac output via thermodilution. During periods of BiVP optimization (eight minutes during Phase I and 16 minutes during Phase II), the rates of administration of fluids, blood products, anesthetics, and vasoactive medications are held constant, except for windows for adjustment between optimization of individual parameters.
Anesthesia Protocol
General endotracheal anesthesia is utilized for all patients, and dosing is at the discretion of the attending anesthesiologist. Fentanyl and midazolam are used as adjunct agents to attenuate autonomic responses. Inotropes, vasopressors, and vasodilators are administered at the discretion of the attending anesthesiologist, based on hemodynamics and realtime transesophageal echocardiography. In general, norepinephrine infusion is the first line vasoconstrictor, and vasopressin infusion is added if additional vasoconstriction is desirable. The primary inotropic agent is milrinone. The majority of patients undergoing coronary artery bypass grafting with the use of bilateral internal mammary arteries receive a low dose (5mcg/min) nitroglycerin infusion at the conclusion of cardiopulmonary bypass. This infusion is maintained for at least 24 hours postoperatively.
Vasoactive-Inotropic Score
We used a modification of the VIS described by Gaies et al. (9) . The score at each time point was based on the concurrent doses and types of inotropic and vasopressor medication being administered. We expanded this formula to include the vasopressor phenylephrine and chose its coefficient in the same manner as originally described by Wernovsky et al. (1) . VIS is calculated as follows:
Specific vasoactive agents used are presented in Table 2 . We normalized dosages for patient weight as described previously (2, 7, 8) .
VIS1 is calculated on all patients immediately preceding Phase I optimization. VIS2 is calculated immediately preceding Phase II optimization and VIS3 is calculated upon entry into the ICU. VIS4 -VIS10 is then calculated hourly until the end of the study period (immediately preceding Phase III optimization) (Figure 1 ). The average time between the onset of Phase I and the onset of Phase II was 66 ± 30 minutes, and the average time between the onset of Phase II and entry into the ICU was 65 ± 35 minutes.
VIS max
VIS was calculated for each hour the patient spent in the ICU. VIS max is defined as the highest VIS prior to Phase III.
Other variables
Urine output produced for each patient during cardiac bypass was determined by measuring the volume of urine in the catheter bag upon admission to ICU. The patient's serum glucose levels were measured hourly in the ICU.
Statistical Analysis
VIS was compared between the BiVP group and the SoC group under linear mixed effects models where VIS was the outcome and pacing group (BiVP versus SoC) and time (since the start of Phase I) were the two main predictors. Pacing group by time interaction was also included in the initial model but excluded from the final model if not significant. The analysis also included the subject random effects to account for within subject correlation on VIS. In addition, the maximum VIS (VIS max ) is calculated for each patient after arrival into the ICU and before the start of Phase III. VIS max was compared between the BiVP group and the SoC group using an independent 2-sample T-test. All the analyses were conducted in SAS version 9.2 software (SAS Institute Inc., Cary, NC). A p-value of < 0.05 was considered as statistically significant. Figure 2 illustrates variation of mean VIS for patients in the temporary BiVP group and in the SOC group from the end of CPB to admission into the ICU. Both groups entered Phase I with similar VIS, but the scores subsequently diverge, increasing in the SOC group and decreasing in the BiVP group. The difference in mean VIS between the SOC and BiVP groups is statistically significant (p=0.02) from the beginning of Phase I until entry into the ICU (mean duration 131 minutes). This represents a significant interaction between pacing group and time. There were no significant differences between the two groups, as shown in Table 1 . In particular, patient weight was the same, which was important given the perweight dosing of medications. Figure 3 illustrates the time course of mean VIS of the two groups from point of randomization until seven hours after entry into the ICU. Pacing optimization for patients in the BiVP group was not repeated after sternal closure. The observation period in the ICU was based on the protocol of the BiPACS trial which defined the end of the study period as the time point at which the Swann catheter was removed or 24 hours, whichever came first. To standardize the data, VIS was computed only through the first seven hours, which all patients had in common. The data were analyzed under a piecewise linear mixed effects model with the focal time period being one hour after entrance into the ICU. The difference in the change of VIS between the BiVP group and SOC, measured each hour, remains significant up until the first hour in the ICU, which extends the therapeutic effect of BiVP as measured by VIS to a total of three hours after randomization (Figure 3, p=0.0015 ).
RESULTS
Group differences in VIS after one hour in the ICU are no longer statistically significant (p=0.26). This p-value represents an insignificant difference in pacing group effect, although the time effect was significant (coefficient=0.28, p=0.02).
When the mean VISmax is compared between the two groups, there is a trend towards lower VISmax in the BiVP group, but the difference is not significant (BiVP mean 17.6 ± 2.5 versus 22.4 ± 4.3 for SOC, p=0.33).
Urine output from the conclusion of CPB until ICU admission was significantly higher in patients randomized to BiVP than in patients randomized to SOC (7.0±1.7 mL/hour/kg vs. 2.6± 0.5 mL/hour/kg, p=0.012). The concurrent maximal glucose levels were similar in both groups (168±8 mg/dL vs. 181±13 mg/dL respectively, p=0.42).
DISCUSSION
Previous data from the BiPACS trial have demonstrated hemodynamic superiority of temporary BiVP vs, SOC, as judged by increases in cardiac output or mean arterial pressure (21) . However, possible decreases in inotrope and vasoactive agent usage associated with temporary BiVP were not examined.
The present results demonstrate decreasing VIS in the temporary BiVP vs. the SOC group over time, suggesting that superior hemodynamics result in the decreased administration of inotropes and vasoactive agents. We have not defined a mechanism for feedback of hemodynamics in these patients on vasoactive drug administration, and use of these agents is not regulated by protocol in our institution. Since weaning of vasoactive drugs is generally based on the time course of arterial pressure, urine output, and cardiac output, we speculate that differences in VIS between the two groups reflect differences in these parameters.
While several previous studies have demonstrated hemodynamic benefits related to temporary BiVP, demonstration of benefits in outcome has been elusive. However, as Gaies et al. reported that VIS max in the ICU can predict morbidity and mortality (9) , the present results suggest that such benefits might be demonstrable in a larger study. Inotropes and vasopressors in the perioperative period can support cardiac output, regulate myocardial contractility, improve hemodynamics, and reduce left and right ventricular filling pressures (10) . However, inotropes are pro-arrhythmic and also increase MVO2. The latter can induce myocardial ischemia and adversely affect reperfusion injury after CPB (10) (11) (12) (13) . Under wellcontrolled conditions, BiVP can increase ventricular function without increasing MVO2 (11) , an appealing aspect of this therapy.
The present results demonstrate that adults who receive optimized temporary BiVP require lower levels of vasoactive and inotropic support during the early postoperative period (Figures 2 and 3 ). This could reflect increased cardiac output in temporary BiVP vs. SOC patients. Since inotropes are linked to arrhythmogenesis, reduced usage during the early postoperative period could decrease the patient's risk of a complicating arrhythmia. The reduced use of inotropes is further beneficial by reducing MVO2 and thus lowing the chance of reperfusion injury after CPB.
Our results suggest that the benefit of temporary BiVP pacing begins immediately and remains significant as long as the pacing protocol is optimized hourly. We find a statistically significant reduction in vasoactive and inotropic support in the BiVP group for two hours after the last optimization of settings. This suggests that deterioration of the effects of temporary BiVP may be due to the lack of continued pacing optimization, and further indicates that effects of temporary BiVP would be maximized by continuous optimization during the postoperative period.
In addition, a significant increase in urine output was observed for the BiVP patients versus the SOC group from the beginning of Phase I until entry into the ICU. While this study was not designed for a multifactorial assessment of factors affecting urine output, this result, which mirrored our VIS analysis, further supports the postoperative cardiovascular benefit of optimized temporary BiVP. VIS was validated in pediatric patients undergoing cardiac surgery as a marker of inotropic support as well as an established predictor of outcome (9, 23) . However, until now, there have been no studies using this updated vasoactive inotrope score in the adult population. VIS scores in adults are expected to differ from those in infants since the response of cardiac muscle and vasculature to inotropic and vasopressor mediations differs between pediatric and adult patients (24) . VIS clearly merits further evaluation as an adjunct to management of adult patients after cardiopulmonary bypass. The present results also support the value of temporary BiVP as an inotrope replacement. Further studies are needed of both VIS in adults and hemodynamics of temporary BiVP after cardiopulmonary bypass.
It is important to note that VIS focuses on the amount, not the specific types, of vasoactive and inotropic support. Specific agents are used at the individual clinician's discretion as to improve outcome and severity of illness. This non-standardized protocol cannot be controlled for in a retrospective study such as ours, so prospective randomized trials are necessary to account for selection bias and optimize the strategy for implementing specific medications.
There are several additional limitations to our study. This study is part of the larger BiPACS trial. An independent justification of sample size for this substudy would be based on anticipated differences in VIS between the two groups as well as the variance of VIS. This would define an ideal sample size larger than presented here. Termination of the parent trial precludes additional data collection. However, statistical significance was achieved by fitting linear effects models over time and comparing the slope. Anesthesiologists were not blinded to the two arms of the study; however, they were also not aware that VIS would be evaluated. Additionally, this is a single-center study, and thus our findings may not be generalizable to other patient populations.
CONCLUSIONS
Our results show that optimized temporary BiVP after CPB lowers the requirement for inotropic support in the early postoperative period, therefore decreasing the exposure to inotrope-associated risks. VIS can be useful in post-CPB management and pacing intervention as a tool to quantify vasoactive and inotropic support as well as a potential measure of cardiovascular function. VIS has the potential to be a component of a multivariable severity of illness scoring system, which would be particularly useful to practitioners trying to decide between various diagnostic and therapeutic options for patients recovering from cardiac surgery with BiVP. Additional studies are required to show a correlation between VIS and outcomes such as arrhythmias, morbidity, or mortality.
Figure 1. Time Course of BiPACS Protocol
During Phase I, after weaning from cardiopulmonary bypass (CPB), the protocol maximizing cardiac output was performed. The optimal paced setting, as determined by Phase I optimization, was designated P1. Patients were randomized after Phase I into either the BiVP arm or the standard of care arm. Patients in the BiVP arm were paced under P1 until Phase II. During Phase II, after sternal closure (SC), the protocol maximizing mean arterial pressure was determined and designated P2. Pacing was then resumed using P2 in the BiVP arm until Phase III optimization, at which point the study period was concluded. VIS was calculated before randomization (VIS 1 ), before Phase II (VIS 2 ), upon relocation from the operating room to the ICU (VIS 3 ), and hourly when the patient was in the ICU (VIS 4 -VIS 10 ). Hourly averages of VIS are shown for the standard of care (SoC, n=26) and biventricular pacing (BiVP, n=24) groups. The slopes of the ViS-time relations are significantly different through the first hour in the ICU by linear mixed effects analysis (p=0.0015). Pacing was optimized at time points VIS 1 and VIS 2 . Data collection was limited to 7 hours because premature Swann-Ganz catheter removal disqualified one patient from continuing study. Table 1 Baseline characteristics Vasoactive Agents used by Phase 
